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ABSTRACT  Tetraethylammonium ion (TEA) and its longer chain derivatives have 
been used extensively to block currents through K-selective ion channels. Substan- 
tial information has been gained about the structure and gating mechanisms of K 
and other cation channels from the analysis of the blocking interactions of TEA and 
other quaternary ammonium ions. We now present an analysis of blocking interac- 
tions between  single Cl-selective ion channels from acutely dissociated rat cortical 
neurons and externally applied TEA. TEA applied to the extracellular membrane 
surface (TEAo) blocked C1 channels in a voltage-dependent manner, with hyperpo- 
larizing  potentials  favoring  block.  The  voltage  dependence  of  block  could  be 
adequately fit assuming that TEA enters the channel pore and binds to a site located 
~ 28%  of  the  way  through  the  membrane  electrical  field.  The  dose-response 
relationship between fractional current and  [TEA]o at a  fixed holding potential of 
-40  mV was well fit to  a  simple model with two blocking sites with dissociation 
constants (Kd) of ~ 2 and 70 mM. The dose-response relationship could also be fit 
by a  mechanism where TEA only partially blocks the channels.  At the bandwidth 
used in these experiments (1-2 kHz), both the mean open duration (composed of 
the open and blocked durations) and burst duration (composed of open, blocked, 
and short lifetime shut durations) increased with increased [TEA]o. This is expected 
if TEAo can bind and unbind  only when  the channel  is in the open  kinetic state. 
These  results  suggest  that  the  structure  of  the  permeability  pathway  of  these 
anion-selective channels  may  be  very  similar  to  that  of other  channels  that  are 
blocked by TEA. Additionally, these results caution that a  blocking effect by TEA 
cannot, by itself, be used as sufficient evidence for implicating the participation of K 
channels in a  particular process. 
INTRODUCTION 
TEA has been used for many years as a biophysical probe of K channel properties as 
well as to implicate the presence of K-selective ion channels in a variety of tissues and 
physiological processes  (Armstrong,  1975;  Stanfield,  1983;  Hille,  1984).  Although 
many K channels are not blocked by TEA, and other non-K cation-selective channels 
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are  blocked  by  TEA,  this  drug  is  still  widely  used  to  assess  the  participation  of 
K-selective ion channels.  We now report  that rat  neuronal  Cl-selective  ion channels 
are  blocked  by  TEA at  concentrations  similar  to  those  that  are  used  to  block  K 
channels. The mechanism of CI channel block by [TEA]o appears to be very similar to 
TEA block of K channels in a variety of tissues (for reviews see Stanfield,  1983; Hille, 
1984). 
"Fast"  CI  channels  are  found  in  tissue-cultured  rat  skeletal  muscle  (Blatz  and 
Magleby,  1985,  1986b;  Weiss  and  Magleby,  1990)  and  in  acutely  dissociated  rat 
cortical neurons (Blatz,  1991). These channels exhibit a  mean open duration on the 
order of 1-2 ms and a  permeability ratio (based on reversal potential  shift measure- 
ments) of ~0.2  for PK/Pcl (Blatz and Magleby,  1985; Blatz,  1991).  C1 channels with 
similar  overall  characteristics  have  been  described  (Franciolini  and  Nonner,  1987; 
Franciolini and Petris,  1988)  in tissue-cultured  fetal rat  hippocampal  neurons. A  C1 
channel with much smaller single channel conductance has been described by Luk~ics 
and  Moczydlowski (1990) from lobster walking nerve.  These lobster channels, when 
incorporated  into  lipid  bilayers,  also  are  blocked  by TEA.  Manning  and  Williams 
(1989) have reported on an anion-selective channel from human platelet membranes 
incorporated into lipid bilayers which has many properties similar to those of muscle 
and neuronal fast C1 channels. 
Portions of these  studies have been reported  in preliminary form (Blatz,  Sanchez, 
and Sigler,  1991; Sanchez and Blatz,  1991). 
METHODS 
Acutely Dissociated Rat Cortical Neurons 
Dissociated neurons were obtained using methods described by Kay and Wong (1986).  Briefly, 
brains from young rats (4-14 d old) were removed and sliced into sections 0.5 mm thick.  Plugs 
(1  mm  diam)  were  removed  from  cortex  areas  using  a  glass  pipette  and  placed  into 
PIPES-saline containing (mM):  120 NaCI, 5 KCI, 1 CaC12, 1 MgCI~, 25 glucose, and 20 PIPES 
(piperazine-N,N'-bis(2-ethanesulfonic acid)).  The plugs were stirred slowly at 35°C for ~ 1 h, 
after which they were washed several times with PIPES-saline and held at room temperature 
until  needed.  When neurons were  needed,  a  plug was  triturated  in  PIPES-saline through a 
fire-polished Pasteur pipette three to five times until the plug was dissociated into single cells. 
Neurons obtained  in this  manner exhibited  characteristic  morphologies and  could be easily 
differentiated from glial cells and debris. 
Single Channel Recording 
Currents through single fast C! channels were obtained using the inside-out configuration of 
the patch clamp technique on surface membranes of cortical neurons (Hamill, Marty, Neher, 
Sakmann,  and  Sigworth,  1981;  Blatz,  1991).  Single channel currents were recorded with  an 
Axopatch I-B (Axon Instruments,  Inc., Burlingame, CA) on FM or VCR tape (model VR-10; 
Instrutech, Elmont, New York). All solutions contained 5 mM TES (N-Tris[hydroxymethyl]me- 
thyl-2-aminoethanesulfonic  acid)  buffer  and  1  mM  EGTA and  were  at  pH  7.00.  Internal 
solutions contained, in addition,  1,000 mM KCI. External solutions contained 140 mM KCI and 
sufficient amounts  of TEA as  the  bromide  salt  to give the desired  concentrations.  The pH 
buffer, TES, at the concentrations used in these experiments does not block fast C1 channel 
currents (Blatz, A. L., unpublished observations). Other pH buffers, such as HEPES, have been SANCHEZ AND BLATZ  TEA Block of Chloride Channels  219 
shown to block certain Cl-selective  channels in other preparations (Yamamoto and Suzuki, 
1987; Manning and Williams, 1989).  Internal solutions were continuously superfused over the 
inside-out membrane patch  using  the  microchamber  described  by  Barrett,  Magleby,  and 
Pallotta (1982).  Experiments were performed at room temperature (20-22°C). 
Data Analysis 
The single channel currents were filtered at  1.4-6 kHz (-3 dB,  Bessel),  digitized at 4-180 
I~s/pt with 12- or 14-bit accuracy, and analyzed off-line using DEC 11-73 or Dell 386 computers 
and homemade programs. PClamp (Axon Instruments, Inc.) and SigmaPlot version 4.1 (Jandel 
Scientific, Corte Madera, CA) were used to plot raw current records. Analysis of dose-response 
relationships was  performed  using  the  least-squares-based curve-fit  routine  contained  in 
SigmaPlot. For kinetic analysis, currents were sampled every 4 ~s and a 50% threshold criterion 
was  used to  determine the durations of open and closed events (Colquhoun and Sigworth, 
1983; Blatz and Magleby,  1986b). The collected open and closed intervals were log-binned  as in 
McManus,  Blatz,  and  Magleby  (1987).  Sums  of exponential components were  fit  to  the 
distributions of open  and  closed  interval durations using a  maximum likelihood method 
(Colquhoun and  Sigworth,  1983;  Blatz  and  Magleby,  1986b). The  number of significant 
exponential components required to describe the experimental data was determined using the 
likelihood ratio test (Rao,  1973; Horn and Lange, 1983; Blatz and Magleby,  1986b; McManus 
and Magleby, 1988). 
Methods detailed in Blatz and Magleby (1986a),  Clay and DeFelice (1983), and Magleby and 
Weiss (1990)  were used to simulate single channel interval durations, taking into account the 
effects  of limited bandwidth. To simulate the  effects  of the  apparent reduction of current 
amplitude caused by the rapid on and off rates for TEA block, rate constants were chosen that 
would generate open and blocked intervals with durations much shorter than intervals due to 
normal channel gating (Spruce, Standen, and Stanfield, 1987). These short open and blocked 
interval durations would be time-averaged and detected as open intervals with a lowered single 
channel amplitude. Since the method of simulation used calculates the observed amplitude of 
single channel currents and then measures durations at the 50% threshold, it is important to set 
the threshold to 50% of the observed single channel amplitude in the presence of fast blockers, 
rather than to 50% of the true  amplitude. The effects  of noise were not explicitly taken into 
account, but under the recording conditions used in these experiments (filter cutoff,  2 kHz) 
noise effects should not significantly influence the results. 
The  variance of the  open  and  closed  single channel current noise was  calculated from 
digitized current records.  Currents were  played back from  the  FM  tape  recorder  into the 
computer at an effective  sampling interval of 4  p.s after filtering at 6  kHz.  Closed channel 
current variance was calculated from records containing no channel activity and was subtracted 
from the open channel variance. Open channel variance was measured from portions of the 
open  channel current  that  did  not  contain any  obvious  gating  transitions. This  method 
erroneously includes some gating transitions with the open channel noise, but this should not 
affect  the results because these transitions would be present in the TEA as well as the control 
patches. 
RESULTS 
External TEA Reduces Single Channel Current Amplitudes 
The blocking effect of 10 mM TEAo on fast C1 channel currents is shown in Fig. 1. In 
the  presence of  1  M  intracellular KCI and  140 mM extraceUular KCI, neuron and 
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(Blatz and Magleby,  1986b;  Weiss and Magleby,  1990; Blatz,  1991). When single fast 
CI channel currents were  measured  at a  holding potential of -40  mV in  separate 
patches with  increasing concentrations of TEA at  the  formerly extraceUular  mem- 
brane surface (pipette solution), single channel current amplitudes were reduced in a 
dose-dependent  manner.  As  shown  in  Fig.  1,  the  major  blocking  action  of TEAo 
appears as a reduction of unitary current levels rather than a reduced percentage of 
time the channel is open. This observation suggests that the binding and unbinding 
rate constants for TEA block are rapid enough that the mean lifetime of the blocked 
kinetic state is less than can be resolved in these experiments. Thus, TEAo block of 
fast CI channels is manifested as a reduction in single channel current amplitude due 
to  the  time-averaging of the  open  and  blocked  kinetic  states.  In  addition  to  the 
reduction in single channel current amplitude, the overall appearance of the kinetic 
activity of these channels is altered by external TEA. Although the current traces in 
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FIGURE  1.  Fast C1 channel  block by TEA. 
[TEA]o blocks neuronal fast CI channels in a 
dose-dependent  manner  by  reducing  uni- 
tary conductance  amplitude.  Current traces 
are  from  three  separate  inside-out  mem- 
brane patches  each  containing  a single fast 
C1 channel.  As the concentration  of TEA in 
the pipette solution was increased from 0 to 
10 mM,  single channel current amplitudes 
were reduced and the durations  of the ap- 
parent  open  intervals and  burst  durations 
increased  (Bessel, -3 dB =  1.4 kHz). Hori- 
zontal  and  vertical  calibrations  are  10  ms 
and 3.0 pA, respectively. 
Fig.  1 were selected to show amplitudes, it is apparent that the bursting behavior of 
these channels is  affected by TEAo. Bursts will be quantitatively defined below,  but 
simply by inspection of Fig.  1 it is clear that the duration of bursts of channel activity 
is increased by external TEA. 
Dose-Response Relationship of External TEA Block 
TEA blocked  fast  C1  channels  in  a  dose-dependent  manner when  applied  to  the 
extracellular  membrane  surface.  The  concentration  of  TEAo  required  to  block 
neuronal C1 channels was  similar  to  that required  to block a  variety of K channels 
(Stanfield,  1983).  The dose-response relationship  for fractional C1 channel current 
measured  at  a  holding  potential  of  -40  mV  is  shown  in  Fig.  2.  The  fractional 
currents were adequately fit by a single site blocking model (dotted line in Fig. 2) at 
[TEA]o < 20 mM,  although the reduction in fractional current by higher concentra- SANCHEZ AND BLATZ  TEA Block of Chloride Channels  221 
tions  of  TEA  was  less  than  predicted.  The  fractional  current  remaining  after 
application  of TEAo was  much  better  fit by a  two-site  model  (solid  line  in  Fig.  2) 
where Kal  =  2.0  -+- 0.4  mM and Kd2  =  70.0  --  15.3  mM  (n =  3).  In both of these 
models, when TEA binds  and unbinds  to the  channel,  it is  assumed that the  single 
channel  conductance  fluctuates  between  a  fully  open  and  a  completely  closed 
configuration. An alternative  mechanism, which is difficult  to rule out,  is  that when 
TEA binds and unbinds,  the channel fluctuates between a  fully open and a  partially 
open configuration (i.e.,  "subconducting state"). The dashed line in Fig. 2 is the best 
fit of a partial-blocking mechanism with the blocked channel current equal to 28% of 
the unblocked  current  amplitude  to the  experimental  data points and  is  at least  as 
good a  fit as the  two-site model (solid line).  Preliminary  results  (Sanchez and  Blatz, 
1991;  Sanchez,  Phillips,  Breedlove,  and  Blatz,  1992)  show that  in  the  presence  of 
1.0  FIGURE 2.  Dose-response  re- 
lationship  between  [TEA]° and 
fractional current through neu- 
0.8  ronal  fast  Cl  channels.  The 
fractional current  (current am- 
plitude in the presence of TEAo 
0.6  divided  by  current  amplitude 
without  blocker)  through  CI 
"~  channels  decreases  with  in- 
"~  0.4  creasing concentrations of TEA. 
The  solid  line  is  the  best  fit 
0.z  (least-squares criteria) of a two- 
site model (fractional current = 
0.5"{(Kdl/(Kdl  +  [TEA])}  + 
o.o  ~  ~  T  {Kd2/(Kd2 + [TEAl)J) with Kdl = 
0  20  40  60  2.0 -L-_  0.4mM and Kd2 = 70.0 ----- 
TEA (mM)  15.3 mM. The dotted line is the 
best fit to a single-site  model (i.e., Kal  = Kd2 =  11.8 mM). The dashed line is the best fit of a 
single-site  model in which TEAo reduces single channel current amplitude  only partially  (to 
28% of normal in this case). 
longer  chain  derivatives  of TEA,  such  as  tetrabutylammonium  ion  (TBuA),  these 
channels  fluctuate  between  fully  open  and  fully  nonconducting  blocked  states. 
Assuming that the mechanism of block by TEAo is similar to that of the longer chain 
derivatives,  we  suggest  that  when  TEA  binds  to  the  channel,  the  single  channel 
current is  completely blocked. The deviation  from a  one-site  model at high  [TEA]o 
was  not  the  result  of  filtering,  as  decreasing  or  increasing  the  filtering  cut-off 
frequency did not change the shape of the dose-response relationship. 
Voltage Dependence  of External  TEA  Block 
TEA block of many (although not all)  K channels is voltage dependent,  particularly 
when applied internally,  as if the binding site for TEA is located within the electrical 
field of the membrane  (reviewed by Stanfield,  1983).  Single fast C1 channel currents 222  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  100  • 1992 
in the presence of 0  and  10 mM  [TEA]o at positive and negative holding potentials 
are presented in Fig. 3. Single channel currents were reduced at negative membrane 
potentials in the presence of TEAo. Under the conditions of this study, TEA,, had very 
little blocking effect on currents at depolarizing potentials. For example, at -60  mV 
with  20  mM  TEAo,  single  CI  channel  current  amplitudes  were  reduced  by  69%, 
whereas  at  +60  mV  they were  reduced by only 23%.  Current-voltage relationships 
obtained from similar currents are presented in Fig. 4 A. As expected from inspection 
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FIGURE 3.  Voltage-dependent TEAo block of fast CI channel currents. Single channel currents 
from two separate excised, inside-out neuronal membrane patches. The current traces shown in 
A were recorded in the presence of zero [TEA]o and the currents in B were recorded in the 
presence of 10 mM  [TEA]o. The patch shown in A contained a  single CI channel, while the 
patch shown in B contained at least three channels. Membrane potentials listed between the 
two series of current traces are absolute voltages (not relative to "rest"). Inward currents are 
depicted as downward deflections and represent CI ions flowing from the formerly intracellular 
membrane  surface  to  the  formerly  extracellular membrane  surface.  Current  records  were 
chosen to represent the change in amplitude and may not reflect changes in kinetic activity. 
Closed channel  current  level for  each voltage is  indicated by the  dotted  lines  (Bessel,  -3 
dB =  1.4 kHz). Vertical and horizontal calibration bars are 5 pA and 30 ms, respectively. SANCHEZ AND BLATZ 
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FIGURE 4.  Voltage dependence of Cl channel block by TEA. (A) Current-voltage relationships 
(single channel current amplitude plotted against holding potential) for 0 mM [TEA]o (filled 
circles) and 10 mM TEAo (A, open triangles) are shown. TEAo preferentially blocks inward current 
with less effect on outward current.  Lines connecting points were drawn by eye. (B) Conduc- 
tance  ratio of unblocked  channels  to  channels  blocked by  10  mM  [TEA]o  plotted  against 
membrane potential. Solid line was calculated using Eq.  1 with the parameters: KB(0) -- 30.88 
mM and d  =  0.34. (C) Voltage dependence of the apparent dissociation constants, KB's, were 
calculated by separately fitting dose-response curves for fractional currents  against [TEA]o 
obtained at -50,  -20, and 0 mV. The solid line represents the best fit of the equation KB = 
KB(0) exp (zdVF/RT) to the points obtained experimentally with the parameters KB(0) =  15.9 
mM and d  =  0.28.  (D) Current-voltage relationships in the presence of 0,  1,  5, and  10 mM 
[TEA]o. Solid lines were calculated using Eq.  1 with values for KB(0) of 15.9 mM and for d of 
0.28 and converting conductances to currents. 
of the raw current records, the current-voltage relationship in the presence of [TEA]o 
overlaps  that  of  the  unblocked  channels  at  depolarized  potentials  and  becomes 
sublinear as  the  membrane  potential is  made  more  negative.  One  explanation  for 
this voltage-dependent  reduction  of currents  is  that  TEA  binds  to  a  blocking  site 
within  the  electric field of the  membrane  (Armstrong,  1969,  1975;  Armstrong  and 
HiUe,  1972;  WoodhuU,  1973;  Hermann  and Gorman,  1981;  Coronado  and  Miller, 
1982;  Blatz and  Magleby,  1984).  If this  is  the  case,  the  fraction  of the  membrane 224  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  100  •  1992 
potential through which the blocking ion must pass to access this binding site is given 
by Woodhull (1973): 
go/gb =  1 + b/Kb(O ) exp(zdVF/RT)  (1) 
where go/gb is the ratio of single channel conductance in the absence and presence of 
extracellular blocker, b is the blocker concentration, Kb is the dissociation constant at 
0 mV, z is the valence of the blocker, d is the location of the blocking site in terms of 
the fraction of the electrical field, V is the membrane potential, and F, R, and T have 
their usual thermodynamic definitions. Since the dose-response relationship between 
[TEA]o and fractional current was adequately fit at the lower concentrations used in 
most  of these  experiments,  we  will  consider  only  a  single  binding  site  for  these 
calculations.  The  ratio  of the  unblocked  to  blocked  single  channel  conductances 
calculated from the currents at  10 mM [TEA]o shown in Fig.  3 is plotted in Fig. 4 B 
against membrane potential. The solid line is the best fit of Eq.  1 to these data with 
values of Kb(0)  and d  of 15.9  mM  and  0.282,  respectively. The large  scatter of the 
conductance ratios near the reversal potential is probably due to the difficulty in the 
measurement of the small currents  through these channels at low driving forces. In 
terms of Woodhull's (1973)  interpretation, voltage-dependent block is manifested as 
a  voltage dependence  of the  dissociation constant.  Fig.  4 C presents  the  results  of 
separately fitting dose-response curves to current amplitudes measured between -50 
and 0  mV to demonstrate  that  the  apparent  dissociation constant becomes smaller 
with  increased  negative  membrane  potentials.  The  solid  line  in  Fig.  4 C  was 
calculated with: 
KB = KB(O) exp(zdVF/RT)  (2) 
using  15.9 mM for KB(0) and 0.28 for d. 
The result of a  similar analysis of currents through four separate channels in the 
presence of 0,  1, 5, and  10 mM [TEA]o is shown in Fig. 4  D. The solid lines in this 
figure were calculated from Eq.  1 with values of Kb(0)  and d of 15.9 mM and 0.282, 
respectively, after converting conductances into currents. 
TEAo Modifies  Single Channel Gating Kinetics 
A simple scheme for the block of the open kinetic state of a channel is given by: 
kl  kb * [TEA]o 
C ..... O  .................  OB 
k_ 1  k_ b 
Scheme  1 
where O  represents the open kinetic state and OB represents the TEA-blocked state. 
The compound closed kinetic state C represents the six or seven closed states known 
for  these  channels  (Blatz,  1991).  If  Scheme  1  is  correct,  then  with  increasing 
concentrations  of TEA  the  true  mean  open  lifetime will  decrease  as  the  channel 
enters  the  blocked  state  more  often.  The  true  mean  closed  and  blocked  lifetimes 
should remain unchanged with increasing [TEA]o. Since it is already known that TEA 
block of these channels appears as a reduction in single channel current amplitude, 
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of the open state O  and the blocked state OB are short enough to be time-averaged 
into a state of partial conductance in the presence of TEA. If this is the case, then the 
compound state consisting of O  and OB will appear kinetically as a  single open state 
with a reduced single channel conductance and a lifetime that increases with [TEA]o. 
If nearly  100%  of the  transitions  between  the  open  and  blocked  kinetic  states  are 
missed  due  to  filtering  and  threshold  detection,  then  the  relationship  derived  by 
Neher  and  Steinbach  (1978)  for  burst  duration  in  the  presence  of  increasing 
concentrations of a rapid blocker should describe the effects of increasing [TEA]° on 
the measured mean open interval duration.  If Ks =  k-b/kb, then mean open duration 
(actually blocked burst duration) would be: 
mean open time =  {1  +  ([TEA]o/KB)}/k_ 1  (3) 
The  observed  effect  of increasing  [TEA]o  on  the  measured  mean  open  interval 
duration  is  shown  in  Fig.  5.  The  mean  open  interval  increases  with  [TEA]o  in  a 
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FIGURE 5.  Effect of increasing 
[TEA]o on mean open interval 
duration (actually blocked burst 
duration).  Mean  open  dura- 
tions  were  measured  at  -47 
mV  using  a  50%  threshold 
method  after  filtering  currents 
at  2  kHz  and  sampling  at  4 
~.s/pt.  The solid line was calcu- 
lated with Eq. 3 and the param- 
eters  k_j  =  1,013.2  s -J  and 
Ks  =  11.82  mM  (the  best  fit 
single-site  model from dose-re- 
sponse curves). The dashed line 
was  calculated  by  simulating, 
filtering, sampling, and detect- 
ing  10,000-100,000  open  and 
closed intervals as described in 
the text. 
manner  consistent  with  Eq.  3  (solid  line  in  Fig.  5).  For  this  calculation,  k-1  was 
estimated as the inverse of the mean open interval measured with zero [TEA]o. 
The  analysis  of blocked burst  duration  by Neher  and  Steinbach  (1978)  does  not 
take into account the effects of filtering on the detection of open and closed intervals. 
We also applied the technique of Magleby and Weiss (1990), which explicitly accounts 
for the  effects of filtering  and  missed  events,  to the  simulation  of open and closed 
interval durations from the fast CI channel in the presence of TEA,,. The dashed line 
in  Fig.  5  is  the  prediction  of the  simulation  for  the  lengthening  of the  measured 
mean  open  duration  by  increasing  [TEA]°.  The  simulation  fits  the  lower  TEA 
concentrations well but does not predict the large increase  in measured  mean open 
duration  seen experimentally  at the higher blocker concentrations. 226  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  100  •  1992 
TEAo Increases  Burst Duration 
An alternative test of the validity of the blocking mechanism implied by Scheme  1 is 
to measure the durations  of bursts of channel activity (defined below) at increasing 
[TEA]o.  Such an analysis should be much less affected by the known complications of 
missed events, filtering,  and noise  (Colquhoun  and  Hawkes,  1983;  McManus et al., 
1987).  The method of Magleby and Pallotta (1983) was used to determine that the 
critical  duration  of closed  event  durations  within  a  burst,  during  fast  CI  channel 
activity, would be 3.2 ms. 
Using  3.2  ms  as  the  critical  duration  for  defining  a  gap  between  bursts,  burst 
duration was measured by fitting a single exponential component to the distributions 
of burst durations  at 0  and 5  mM [TEA]o.  As expected from Scheme  1, mean burst 
duration  increased  from  19.7  -+  6.7  ms  (n =  5) with  zero  [TEA]o to  36  -+  8.4  ms 
(n  =  4)  in  the  presence  of  5  mM  [TEA]o.  It  should  be  pointed  out  that  the 
relationship  between burst duration  as defined  in this  section and  [TEA]o is not as 
simple to represent as the burst durations  defined by Neher and  Steinbach  (1978) 
(i.e., our Eq. 3). This is the case because the bursts defined by Neher and Steinbach 
(1978) contain transitions only between the open and the blocked kinetic states, while 
bursts defined here contain these transitions as well as those between the open state 
and  the  shortest  shut  states.  Other  methods  of determining  the  critical  time  to 
separate bursts gave qualitatively equivalent results. 
Open Channel  Variance  Does Not Increase with [TEA]o 
Given the simple kinetic reaction of Scheme  1, it might be expected that the current 
noise when the channel is open would increase in the presence of [TEA]o to reflect 
the blocking and unblocking of the channel by the drug. We calculated open channel 
variance as described  in  Methods  and  found  that  this was  not  the case. The  open 
channel variance in the absence of TEA at -40 mV was 0.6 pA  2 and in the presence 
of 5  mM TEAo was  0.4  pA  2.  These measurements are complicated by the  fact that 
with fast CI channels  it is virtually impossible to isolate current records that do not 
contain  transitions  into  the  short-lived  closed  kinetic  state  and  so  the  variance 
measurements will  contain  a  contribution  from the  gating  kinetics.  In  the  present 
case  this  should  not  represent  a  major  problem,  as  these  short-lived  transitions 
should be present in the presence as well as the absence of TEA. 
Fast Cl Channels  Are Not Blocked by All K  Channel Blockers 
Another compound commonly used to block certain types of K channels, 4-aminopy- 
ridine, did not reduce single channel currents through fast CI channels at concentra- 
tions up to 5 mM (not shown). Other quaternary ammonium compounds with carbon 
chains longer than the ethyl groups of TEA also blocked fast CI channels,  but with 
higher  affinities  and  apparently  slower  kinetics  (Sanchez  and  Blatz,  1991).  Tetra- 
methylammonium  ion  (TMA)  reduced  single  CI  channel  currents,  but  only  at 
concentrations  >  100 mM (not shown). SANCHEZ AND BLATZ  TEA Block of Chloride Channels  227 
DISCUSSION 
These results clearly demonstrate  that  the classical  K channel blocker, TEA, when 
applied  extracellularly,  blocks  neuronal  C1  channels  in  a  dose-dependent  and 
voltage-sensitive manner. 
Other Anion-selective  Ion Channels Are Blocked by TEA 
Little information is available concerning the block of other Cl-selective channels by 
quaternary ammonium ion derivatives. In most experiments, TEA is used to reduce 
contamination of currents by K-selective channels and so effects on anion channels 
could be overlooked. One other Cl-selective channel, that of lobster walking nerve, 
has  been  definitively  shown  to  be  blocked  by  millimolar  concentrations  of TEA 
(Luk~ics  and  Moczydlowski,  1990).  An  anion-selective  ion  channel  from  human 
platelets  reconstituted  into  lipid  bilayers  (Manning  and  Williams,  1989)  that  has 
many properties in common with the neuronal fast CI channels may also be blocked 
to some extent by TEA. Interestingly, the gating kinetics of the platelet CI channel 
may also be affected in  the  same manner as the  neuronal channel,  as  Fig.  7 B  of 
Manning and Williams (1989) seems to indicate an increase in burst duration in the 
presence of internal  and  external TEA. Comparisons  between lipid bilayer results 
and  ours  are  difficult as,  in  the  bilayer experiments,  the  currents  are  necessarily 
filtered at 300 Hz and so much of the rapid kinetic information is lost. For example, 
what  would  be  interpreted  as  "open  duration"  by  Manning  and  Williams  (1989) 
would be interpreted in our experiments as the durations of clusters of bursts of open 
and closed intervals. 
Comparison of the dose-response relationship between [TEA]o and fractional fast 
CI channel current and the limited data available for other anion-selective channels 
suggests  that  the  neuronal channels  are  more  sensitive to  [TEA]o than  either the 
lobster walking nerve (Luk~ics and Moczydlowski, 1990) or the platelet (Manning and 
Williams,  1989) anion channels. 
Voltage Dependence of [TEA]o Block Suggests a  Cation-binding  Site within the 
Channel Pore 
The results of the analysis of the voltage dependence of [TEA]o block strongly suggest 
that this blocking ion can enter the channel pore and bind to a site located ~ 28% of 
the  way  through  the  membrane  electrical  field.  Franciolini  and  Nonner  (1987) 
proposed  a  mechanism  for  the  selectivity  of a  Cl-selective  channel  from  tissue- 
cultured rat hippocampal neurons that involves a  cation binding site located within 
the  channel  pore.  In  this  mechanism,  selectivity  is  determined  by  interactions 
between  the  cation  bound  at  this  selectivity  site  and  anions  attempting  to  pass 
through  the  channel.  The  location  of the  cation  binding  site  of Franciolini  and 
Nonner's (1987) model was, for simplicity, not specified as a free parameter, but was 
placed half-way through  the membrane electrical field.  Because of this, we cannot 
equate  the  TEA binding  site  suggested  by  our  results  to  the  cation  binding  site 
proposed by Franciolini and Nonner (1987). Based on electrical distance through the 
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separate. The predictions of the selectivity mechanism proposed by Franciolini and 
Nonner (1987)  should not be adversely affected by moving the cation binding site a 
short distance within the membrane electrical field. 
TEAo Binds to the Open Channel 
It  is  often  assumed  that  TEA  blocks  delayed  rectifier  K  channels  by  binding 
preferentially  to  the  open  kinetic  state  (Armstrong,  1969,  1971),  although  single 
channel  kinetic analysis  suggests  that TEA block of delayed rectifier K  channels  in 
skeletal muscle is independent of channel gating (Spruce et al.,  1987). We attempted 
to  determine  if external TEA block of neuronal  C1 channels was  consistent with  a 
kinetic  model  which  allows  the  binding  and  unbinding  of TEA  only  to  the  open 
kinetic  state.  Scheme  1  is  a  simplified  model  for  fast  CI  channel  kinetic  activity 
recorded at a  bandwidth  of 2  kHz in the presence of external TEA, assuming that 
TEA  can  bind  only  to  the  open  kinetic  state  (the  buzz,  subconductance,  and 
inactivated  kinetic  modes  are  ignored,  and  at  this  level  of filtering  the  channel 
exhibits only one open kinetic state [Blatz,  1991]). 
It could be argued that measurements of mean open duration will be complicated 
by the known complexity of channel gating in fast CI channels.  For example, higher 
resolution measurements show that at least six exponential components are required 
to  fit  adequately  the  distribution  of shut  interval  durations,  implying  that  these 
channels enter at least six closed states during normal kinetic activity (Blatz,  1991). 
One of these shut kinetic states has a  mean lifetime of ~ 20  ~s, meaning that most 
events  from  this  state  do  not  reach  the  50%  threshold,  are  not  detected,  and 
therefore  corrupt  the  measured  duration  of  open  intervals.  Methods  exist  for 
compensating for these missed short shut events (Roux and Sauve,  1985; Wilson and 
Brown,  1985;  Blatz and  Magleby,  1986a)  but all are approximations and rely on a 
detailed knowledge of the underlying kinetic mechanism. Measurement of the effect 
of [TEA]o on burst duration  is an alternative test of the validity of Scheme  1 which 
would  be  much  less  influenced  by  the  effects of filtering  and  missed  events.  The 
observed  increase  in  burst  duration  with  [TEA]o  provides  additional  consistent 
evidence that external TEA blocks the open kinetic state. 
Open Channel Noise Is Not Increased by [TEA]o 
Although  the  blocking  and  unblocking  rates were  too  fast  to  be  distinguished  by 
kinetic  analysis,  they  may still  have been  slow  enough  to  influence  the  open-level 
noise. This was tested by measuring the variance of the open-level current both with 
and without TEA present. We found that the noise did not increase, and in fact both 
the  open  channel  and  closed  channel  noise  actually  decreased  slightly  with  the 
addition  of TEA. This  suggests  that  the  on  and  off blocking rate constants  are  so 
large  that  the  excursions  between  the  unblocked  and  blocked  kinetic  states  are 
completely time-averaged to appear as an open state with a reduced single channel 
conductance.  The  decrease  in  open  channel  current  variance  measured  in  the 
presence of TEAi could represent the block by TEA of small conductance channels (K 
or CI selective) that are active throughout  the experimental records. This would be 
consistent with  the  observation that both the  open and  the closed channel  current 
noise variances are decreased by TEAi. No open-closed transitions  can be observed SANG~IEZ AND BtATZ  TEA Block of Chloride Channels  229 
in the experimental records that would reflect activity in these alleged channels. This 
observation constrains the maximum single channel currents of these channels under 
these conditions to be  < 0.1 pA (the limit of our resolution). "Baseline" ion channels 
with currents of this magnitude have been reported to be present in tissue-cultured 
rat myotubes, although in that case the small conductance channels were not sensitive 
to 5 mM TEAo (Blatz and Magleby,  1986c). 
TEA Block of Cl Channels Suggests  Structural Similarities  between  Cation  and 
Anion  Channels 
These results demonstrate that TEA blocks currents through mammalian neuronal C1 
channels at concentrations that are used to block neuronal K channels and that the 
mechanism of CI channel block by [TEA]o is similar to that proposed for K channel 
block. A similar block of CI and K channels by TEA suggests that significant structural 
similarities may exist between the pore regions of these two channel types and that 
ion permeation mechanisms may be quite similar. This is not an entirely unexpected 
result,  as many CI channels, including the fast CI channels described here and  the 
anion-selective channels from platelets, are permeable to cations as well as to anions 
(Blatz and  Magleby,  1985;  Franciolini and  Nonner,  1987;  Manning  and Williams, 
1989).  The  CI  channel  from  lobster  walking  nerve,  on  the  other  hand,  is  not 
measurably permeable to cations (Luk~ics and  Moczdlowski,  1990). We predict that 
substitutions of amino acids in the membrane-spanning regions of fast CI channels 
(when these channels are cloned) will  have profound effects on TEA block,  as has 
been shown for K channel TEA block (MacKinnon and Yellen, 1990; Yellen, Jurman, 
Abramson, and MacKinnon,  1991). 
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